This work describes an in situ method for the testing of mechanical flow meters. The method was developed on diaphragm gas meters, but can be applied to most mechanically-based flow meters. The proposed fingerprint method analyses the behaviour of the meter during a work cycle. The result from the analysis is a "fingerprint" of the meter, in which mechanical errors in the meter can be detected. This is explained by the mechanical connection between the sensing mechanism and the mechanical output from the meter. An error analysis of a diaphragm meter was carried out to deduce the type of errors that are likely to occur in such meters. The most severe malfunctions are leakage, internal friction and liquid in the meter. These errors can either lead to measuring errors or can cause the meter to cease functioning. The fingerprint method has been tested on meters with simulated errors and on used meters taken from the gas grid in Lund. The fingerprint method can correctly diagnose errors such as leakage, increased friction and liquid in the meter.
Introduction
The need to ensure that an installed flow meter continues to be accurate is as old as the flow metering problem itself. Thus, numerous methods to address this problem have been devised. Such methods include in situ measuring techniques such as clamp-on meters, dilution and tracer methods, as well as exchange schemes with subsequent lab calibration.
In the gas industry, meter errors involve a substantial amount of money. This has, for example, been shown in the Gas Research Institute (GRI) report on UnAccounted For gas flow (UAF) [1] . The largest contributors to UAF in the GRI investigation were measurement errors (81.64% of UAF), with the remainder split between leakage (8.85%), theft (6.54%) and accounting (2.97%).
A typical gas grid consists of a large number of small meters (used in smaller houses and apartments) and a small number of large meters (used in industries). For example, in the Swedish gas grid, there are approx. 50,000 meters, of which about 43,000 meters are small, domestic gas meters. The large meters are checked frequently and are carefully monitored due to the large quantities measured. The primary on-site methods used to detect the faulty operation of gas flow meters are tracer and master meter techniques [2] [3] [4] . Portable provers can also be used, but this requires extra piping. These methods, which are used on large meters, are not applicable to smaller meters, both because of practical considerations and economic factors. Therefore, smaller meters will not be checked as often as large meters, due to the comparatively high cost of calibration in relation to the value of the meter, and the measured quantity. This problem is approached in different ways. Some operators test meters after 10 years or more, while others take random samples, test them and act according to the results. Meters are also checked on demand of the customer.
The general problem is to find inaccurate meters as soon as possible after they became inaccurate, using an inexpensive and simple method.
For this purpose, a two-step approach is suggested. First, a cheap high level screening, is introduced. Such a method can be the LoadIndex method, which is based on billing readings suggested by the author [5] . The method is based on the assumptions that most meters are correct, and the load is primarily dependent on the climate. By identifying outlying installations, installations with suspect meter errors can be detected. The method has been tested in Sweden and has shown promising results. Another method, using a similar approach to supervise district heating meters, has been suggested by Bernt Svensson [6] . Using a screening method, meters identified as suspect from a metering error point of view can either be exchanged directly or be examined using an in situ test method. For this purpose, we here propose such an in situ test method.
The basic idea is to analyse the generic flow signal of the flow meter. An ideal functioning meter will give a flow signal that includes only the frequency components that are present in the fluid flow. Frequencies that are carried by the fluid flow are caused by turbulence and flow pulsation. Pulsating flow will be able to influence flow meter operation. This area is well documented in the literature [7] [8] [9] [10] [11] [12] [13] . A method to detect the influence of pulsating flow on a turbine flow meter was proposed by Viljeer [14] . However, little or nothing has been found related to positive displacement meters and diaphragm meters. The turbulent energy is often too small to propagate into the generic output of mechanically based flow meters, such as diaphragm meters.
In a non-ideal mechanical flow meter, the mechanical design will introduce additional frequencies into the generic flow signal of the meter. Thus, the basic assumption made in this paper is that a meter that is not working properly will exhibit a different dynamic behaviour, compared to an ideally working meter. Thus, it is here proposed that by analysing the generic flow signal, it will be possible to draw conclusions as to whether or not the meter operates correctly.
The proposed test method has been applied to diaphragm gas meters that are common in smaller gas billing installations. By measuring the outgoing shaft rotation at constant gas flow, a "fingerprint" of the meter is taken. This fingerprint should then reflect inadequate behaviour in the meter work cycle. These behaviours can then result in erroneous measurement. Analyses of the fingerprint have been made on a number of diaphragm meters. Both correctly operating meters and meters with various defects that cause meter errors have been tested. These defects are, leakage, increased friction and liquid in the meter compartment. Results obtained show that the fingerprint is affected in different ways by all of these defects.
Theory
The proposed fingerprint method approach measures the rotation of the outgoing shaft of the meter to gather information about the flow and the meter. For diaphragm meters, the influence from the flow can be assumed to be small. Thus, detailed information on the rotation of the outgoing shaft mainly reflects the mechanical operation of the meter. Using an error analysis, the most significant source of metering error in an diaphragm meter is found. This analysis makes a connection between mechanical operation and the metering error. Because of this, it is likely that erroneous meter operation will be reflected in the rotation of the outgoing shaft of the meter.
The diaphragm meter is a volumetric gas meter that measures the gas mechanically. In Fig. 1 , a typical meter is shown in a cutaway picture, with the principle parts indicated. In Fig. 2 , the operation is shown with an accompanying explanatory note. The function is only described for one measuring compartment, but both operate in the same manner (with only a phase difference).
The errors that can occur in a diaphragm meter can be divided into two groups: 1) errors that depend on altered physical properties, and 2) errors due to incorrect operation. In the first group, it is primarily pressure changes that affect the measurements. The second group includes errors such as leakage, geometrical changes and mechanical failure. To investigate how the different errors affect the total measurement uncertainty, an error analysis was carried out.
The basic function of a diaphragm meter is to count the number of times a volume is emptied and filled. Therefore, the ideal gas law is a natural starting point:
where V gas is the gas volume, n, the number of moles, R, the specific gas constant, T gas , the absolute gas tem- Fig. 1 . Cutaway picture of a diaphragm meter. perature and p, the absolute gas pressure. The gas pressure is determined by two factors: the atmospheric pressure and the gas pressure regulator. Therefore, the pressure is divided into two terms:
where p gas is the gas pressure, and p atm , the atmospheric pressure. Modifying the gas law to real gases adds the compressibility factor, z. However in the pressure region in which these meters are used, the influence of z can often be neglected.
V gas ϭ nRT gas z p gas ϩ p atm (3) When literature in the field is studied, mainly the AGA gas measurement manual [15] , a number of causes for incorrect metering are found. These lead to the introduction of factors that reflect these changes of operation in the meter. The volume that the meter measures is described by Eq. (4), with a set of transfer functions that reflect the geometrical changes (G). The transfer functions can all be described as factors that change the transfer rate between the theoretical and actual geometry. G stretch can increase the volume if the diaphragm is stretched, G liquid reduces the volume, and G stroke can either increase or decrease the volume, depending on the change of the stroke.
The volume that is registered is the volume of the meter multiplied by the ratio (r) of the gears in the index box. If there is a leakage in the meter, this will reduce the registered volume by a factor, L, and this factor can be divided into different terms depending on the locations from which they arise. L gasket is leakage that depends on missing or misplaced gasket. L diaphragm arises from holes in the diaphragm. L duct is the leakage from cracks or an otherwise damaged duct inside the meter.
Using Eq. (5), a standard error analysis [16] can be performed in order to see which errors are significant and which are less important.
The U x in Eq. (6) marks the uncertainty for respective terms.
Since the purpose of this analysis is to investigate which errors affect the volume measurement, the number of moles, n, is held constant and U n ϭ 0. The physical properties of the gas: R, z, T gas , p gas and p atm , are affected by the composition of the gas and the installation conditions. The first two terms can be calculated from the composition of the gas and are also found in the literature [17] : U R ϭ 0.00035 J/mol K, U z ϭ 0. The remaining terms are dependent on the installation of the meter.
In most installations, the gas temperature in the meter is close to the air temperature at the meter. In the grid investigated, the gas temperature follows the air temperature with an offset of 3 K, warmer in winter and cooler in summer [18] . However, the gas temperature is often assumed to be a fixed value, often 15°C. If the average temperature over a year (1995 [19] ) is taken as the uncertainty, we get U T ϭ 6.4°C. Another study aimed at determining gas temperature-dependent metering error was presented in a paper by Mobers [20] . He reported that the average error was between 4% and 10%, depending on meter type.
The gas pressure is determined by the pressure regulator, which is in turn governed by the atmospheric pressure. The pressure regulator is set at 2.0 kPa (20 mbar), with an accuracy of Ϯ 2.5% [18] , which gives U pgas ϭ 50 Pa. In most cases, the atmospheric pressure is assumed to be 101.325 kPa, and the variation in pressure is measured to be between 100 and 102.0 kPa (monthly average) [19] , which gives U patm ϭ 1 kPa.
The leakage factors introduced in Eq. (5) can be both external (to the atmosphere) and internal leakage. The internal leakage is most difficult to detect and is the factor primarily addressed in this paper. Leakage to the atmosphere can occur in the gasket or in a damaged casing, but should be detected quickly, since an odorant is normally added to the gas. Meters with coaxial mounting (one pipe connection) can also have internal leakage in the gasket as well as external leakage. Since timeresolved flow measurements of the flow through the meter and the leakage have not been done, an exact analysis is not possible. However, a logical conclusion can be reached based on phenomena in the pressure cycle.
The general pressure drop over a normal functioning meter can be described as:
Since the flow will take the path of the smallest total pressure drop, three cases can be distinguished The first case is not a problem, and the second can be detected without instruments, since the meter is not registering any flow. It is the third case that is the most interesting and the hardest to detect. If it can be assumed that the ⌬p leak is constant, a disturbance in the meter will occur when the ⌬p fmeter is at a minimum. All leakage can be regarded as equal, and the error can increase to 20-30% of the flow before it is detected. Thus, the uncertainty in leakage can be
To eliminate the systematic error that occurs as a consequence of the variation of volume between meters during manufacturing of the meter, the meters are tested and adjusted via the cogwheels in the index box. They are switched so that the meter measures within specifications. The variation in ratio can be regarded as zero, U r ϭ 0.
An error that is mentioned in the AGA manual [15] is the pressure drop over the meter. In some systems, (as in Sweden), a pressure regulator is connected before the meter, and the gas pressure in the meter is constant. Any pressure drop will therefore lead to a lowered pressure after the meter. The metered volume will be constant, but the connected appliance, which is dependent on the outlet pressure from the meter, will be affected. An increasing pressure drop will eventually stop the operation of the appliance. If the pressure regulator is connected after the meter, an altered pressure drop will change the gas pressure in the meter and therefore lead to a meter error.
Since the diaphragm meter is a mechanical device that uses the gas pressure as the driving force, a set of equations describing the relationship between the pressure drop and the torque driving the mechanical index can be derived.
The force working in the diaphragm is dependent on the gas pressure (p gas1,2 ) on both sides, and the area of the diaphragm (A diaphragm ).
The pressure difference (p gas1 Ϫ p gas2 ) can also be described as the pressure loss or pressure drop (⌬p gas ) over the meter. The force is transferred through a set of flag arms (flag 1 ) and bearings, to give the torque (M gas ) necessary to operate the meter.
M gas ϭ ⌬p gas A diaphragm flag 1 (9) As can be seen in Eq. (9), a direct connection between the torque and gas pressure can be found. To determine what affects the torque, a more detailed analysis can be done.
where M index is the torque used to turn the index, M transfer is the torque used to transfer the torque from the diaphragm to the bearing, and M bearing is the torque necessary to turn the outgoing shaft. M index is constant and necessary to operate the meter. In comparison, it is the final torque that is of most importance and which can change most significantly, and M bearing , thus increases the gas pressure drop. M bearing arises from the packing in the stuffing box and has two contradicting purposes: 1) to stop the gas from leaking, and 2) to allow the shaft to rotate. This is the only part that penetrates the casing, except for the inlet and the outlet. The braking torque acting on a shaft in a bearing at the stuffing box can be calculated by
where A is the area of the shaft, p surface is the surface pressure, , the friction coefficient and d, the diameter of the shaft. The area can be expressed as
with l as the length of the shaft inside the stuffing box. Inserting into Eq. (11) gives
The terms in Eq. (13) that can change over time are and p surface . The friction and surface pressure can change due to ageing of the packing materials in the stuffing box. The other properties can be assumed to be constant. If the torque is translated into gas pressure (Eq. (9)), we get the following relationship between pressure drop created by the bearing and the changing terms:
Rearranging the terms results in the following:
The terms inside the parentheses will be constant, except for damage. As can be seen, however, any change in the friction or surface pressure will directly affect the pressure drop in the meter. As previously mentioned, the last two terms are small in comparison and can be neglected. We know from the experience of field workers that the friction in the stuffing box can increase until the meter stops. Therefore, this will be tested in the experiment.
The errors that depend on the mechanical operation of the meter are the transfer function and the leakage factors. The transfer functions, U stretch , U liquid and U stroke , introduced in Eq. (4), all have a directly proportional effect on the measured volume. U stretch allows a larger volume to be present in the measuring compartment when the dividing diaphragm or membrane is stretched. However, the volume is mainly limited by the rigid walls of the measuring compartment, so U stretch is likely to be limited. The risk is that the diaphragm can be folded and will then develop a hole that will leak. U liquid accounts for liquid that is present in the measuring compartment. The liquid can be condensate or can originate from water seeping in from a leaking grid. Regardless of the source or the composition of the liquid, the effect on meter performance is the same: the volume metered is reduced in proportion to the volume of the liquid. In new grids, the risk of liquid in the meter is small, but it can increase with age. U stroke is the effect of a change in the stroke that the diaphragm can accomplish, a shorter stroke reduces the volume, and a longer stroke increases the volume. The effect on the measuring capacity also depends directly on the change of the stroke. External force on the casing can result in an altered stroke, so that the measuring compartment is altered or flag arms are bent. However, these changes will normally result in errors so acute that the meter will stop functioning. U stroke is therefore assumed to be small.
When all of the previously mentioned uncertainties are summarised, we obtain the following results (Table  1) . By inserting data from Table 1 into Eq. (6), we obtain:
If U stretch , U liquid , U stroke , U gasket , U diaphragm and U duct are assumed small, we get a metering error of 2.4%. The effect on the total uncertainty of U stretch , U liquid , U stroke , U gasket , U diaphragm and U duct is strong. If one of these unknown terms is increased to 5%, the total uncertainty will increase to 5.6%. It is also these terms that can only be found by testing the function of the meter. The other terms, including temperature, pressure and gas composition, can all be measured with an accuracy of 1% or better. In some cases, the temperature and pressure are not measured, but assumed constant.
Based on the sensitivity analysis and the other sources mentioned, some errors could be regarded as insignificant while others were severe. The different errors that can increase such that they will seriously affect the metering, without interrupting the operation of the meter, are: U liquid , the leakage terms U gasket , U diaphragm , U duct and the increased friction. Since these errors originate in the mechanical operation of the meter, it can be assumed that these errors affect the meter in such manner that they will be seen on the mechanical output. Therefore, a fingerprint of the meter will reflect the influence of the errors. The experimental work is focused on obtaining fingerprints from meters with simulated errors of these types and from meters used in the field. 
Experimental set-up
To be able to simulate the influence of the errors caused by liquid in diaphragm U liquid , the leakage terms U gasket , U diaphragm , U duct and the increased friction on a meter, an experimental setup was constructed, consisting of a diaphragm meter and a pipe section (see Fig. 3) . A brake could be attached to the meter to simulate increased friction. To measure the detailed operation of the meter, a measuring device, which was able to record, with high resolution, the rotation of the outgoing meter shaft, the proposed fingerprint, and the pressure difference over the meter, was assembled. The rotation was measured with an angular decoder that provides 100 pulses per revolution. In this manner, the pattern of the rotation is obtained. A series of pulses of equal value shows that the rotation is constant, but when a pulse is longer than the previous, the meter has either stopped or slowed down. The decoder is connected to a counter (Fluke PM 6681) which registers the duration and onset of each pulse (see Fig. 4 ). The pressure is measured with a Ruska 6222 pressure calibrator equipped with two pressure cells. The pressure is measured continuously and is read by a computer through GPIB. The computer controlling the instruments uses the Testpoint software package to control the instrument through the GPIB interface. The analysis of the data is performed off-line using Matlab. The gas flow is provided by the calibration facility at LTH [21] . All tests are run with a constant gas flow of 1.0 m 3 /h. To check the flow registered by the meter, the time for the test was recorded. Since all tests were made during 60 revolutions, the flow change, before and after an error was applied, could be calculated from the different test times.
In the previous chapter, errors that are likely to occur and seriously affect the metering or the connected appliance were determined. These include liquid in the meter, leakage and increased friction. It is these errors that will be simulated in the experiments.
Formation of liquid, G liquid , in the measurement compartment is dependent on condensation of vapour in the gas, or water in the distribution grid. Although not related to the liquid in the measuring compartment, the effect on the meter is equal: the meter will go faster, due to lower volume in the measuring compartment. Two cases are of interest: 1) equal amounts in all compartments, and 2) different amounts in the compartments. In the first case, with equal amounts of liquid in each compartment, the effect will be an increasing frequency proportional to the volume reduction. It is, however, unlikely that the volume will be equal in all compartments. For the second case, with different amounts of liquid in each compartment, the effect will be twofold, the same as in the first case and an imbalance between the forward and rear compartments that is distinguishable in the fingerprint. The meter was disassembled and water was poured into one compartment. The meter was then assembled and tested.
The leakage corresponds to the different L terms introduced in Eq. (5), which can all be tested in the same experiment, since all leakages affect the operation in the same way. The leakages that were found using the Load Index method described in [5] included: 1) fractures in the duct separating the inflow and outflow in the gas meter, 2) a misplaced gasket and 3) a punctured diaphragm. The leakage was simulated by using straight pipes of different lengths. By choosing the dimensions of the pipe, different leakages could be simulated. The pressure drop for a flow can be derived from Bernoulli's equation, and for straight pipes, its general expression is:
where L is length, d the diameter of the pipe, is the density, w is the velocity, (Re) is the friction coefficient. For other obstacles, it can be described as singular losses
for a certain geometry on the obstacle. In many cases, the frictionloss coefficient, , can be regarded as constant, i.e., independent of Re. If Eqs. (17) and (18) are compared, it can be seen that at the same Re, the dimensions of the pipe can be chosen to obtain the same pressure drop.
Regarding errors due to friction, it has been concluded that these primarily originate from the outgoing shaft, where the packing becomes dry or worn. Field experience from the local gas company confirms that increased friction is not uncommon for meters that ceased functioning. Sometimes the outgoing shaft is jammed by friction such that the shaft cannot even be turned with tools. To simulate how an increase in drag or friction in the outgoing shaft affects operation, a band brake was attached to the shaft, and an increasing braking force was applied. The band brake consisted of a rope around the shaft that connected the outgoing shaft with the decoder and a set of weights.
Results
The proposed fingerprint method has been tested on a number of meters, both new and used. As baseline data, a fingerprint from a new meter was obtained. To obtain the fingerprint from a defective meter, a used meter was tested with additional experimental equipment, allowing simulation of errors. Tests with meters coming from field use, which had errors, were also made. These confirmed that the change of the fingerprint from the simulated errors was comparable to the change in the fingerprint from meters with errors caused by usage.
The following two figures show the fingerprints from a new meter (Fig. 5 ) and a used meter (Fig. 6 ). Both the "fingerprint" and the differential pressure over the meter are given. The test lasted 60 revolutions or cycles, but for clarity, only the first 100 seconds are shown. The meter used in Fig. 5 is a new meter, of the same type and brand as the used meters that were tested later. The only difference is meter size, which explains the difference in pressure level and rotation frequency. The rotation of the new meter is smooth, with only one peak per cycle, and the pressure drop is almost constant. Fig. 6 shows the fingerprint of a used meter (10,500 m 3 ). Compared with Fig. 5 , the basic pattern can be recognised. However, the peaks are higher, there is a dip directly after the large peak and the pressures have changed to a more sinusoidal form. Translated to operation, this means that rotation is stopped at the end of one stroke, and the pressure build-up during this stop is used to increase the rotation when the torque overcomes the friction in the bearing (see Eq. (15)). The large peak is called friction peak, since the cause is mainly friction in the bearings. When a FFT analysis of the fingerprint is performed (Fig. 7) , the result is one peak at the rotation frequency and overtones, as can be expected from a signal with one large peak. In Fig. 8 , the fingerprint of a meter with 50 ml water in one measuring compartment is shown. It is the same meter as in the previous figure. The time for one test increased by 2% when the liquid was added. Since all tests are made at a constant flow rate of 1.0 m 3 /h, this corresponds to a meter that measures 2% less than the actual flow.
The fingerprint changed from a single peak per cycle to four peaks, of which two are major. The four peaks represent the four phases in the measuring cycle. The second major peak is the friction peak, and the first major peak is due to the extra force needed to overcome the pressure from the liquid in the measuring compartment. When studying the FFT diagram in Fig. 9 , the peaks are of approximately the same power, compared with Fig. 7 , which shows the FFT of a normal meter where the power is descending from the rotation frequency. Several experiments, using three different meters and controlled leakages at six different levels, were performed in order to see how the fingerprint is affected. An example of a representative fingerprint is shown in Fig. 10 . Compared with the fingerprint from an undisturbed meter (Fig. 6) , the same meter with a controlled leakage (Fig. 10) shows an extra peak at the pressure minimum, just before the friction peak. This is another stop in the operations at a stroke end. This can be explained by the lower available pressure head, due to a leakage that reduces the pressure that drives the mechanism. The gas will flow through the leakage until the pressure head across the leakage is equal to the pressure needed for meter operation, which will then restart. This peak at approx. 60% of the cycle is common for all tests with leakages.
To determine how increased friction affects the fingerprint, the brake described earlier was attached to the outgoing shaft. Varying braking torque was applied to the meter to test how it changed the fingerprint. The gas flow remained constant through the tests (1.0 m 3 /h), so the measured volume is the same. According to Eq. (15), the gas pressure, ⌬p gas , depends on the friction and necessary torque, and as can be seen when comparing the pressure in Fig. 6 with Fig. 11 , increased friction leads to increased average pressure, but the pressure amplitude variation is not changed significantly. The increased pressure difference will also lead to an increased volume when the diaphragm is stretched. The fingerprint was affected by friction in two ways. First, the maximum peak increased, and second, larger cycle to cycle variations were detected. As long as the inlet pressure is constant, the meter will continue to measure correctly, but the gas pressure necessary to operate the meter will increase until the meter stops. The increased pressure drop over the meter can also cause the connected appliance to stop functioning, due to low gas pressure.
After the method was tested using simulated errors, and shown to detect the described errors, it was used on a number of meters selected from a gas grid with the LoadIndex method. The meters had previously been tested at the LTH calibration rig and found to have errors ranging from Ϫ 5 to Ϫ 20%. The fingerprint from these meters showed the same pattern as the fingerprint from meters with simulated errors. Meters with fingerprints indicating leakage were found and disassembled. One had leakage in the duct, and others had holes in the diaphragms. Also, meters with increased friction were diagnosed correctly with the fingerprint method.
Conclusion
A fingerprint method to test diaphragm type gas flow meters in situ is proposed. Investigations have revealed the major sources of error to be: 1) liquid in measuring compartment, 2) leakage in the meter and 3) increased friction in bearings. It has been shown that the fingerprint method has the ability to distinguish these sources of error.
Liquid in the measuring compartment can be detected as a fingerprint with four peaks per cycle. Leakage as small as 5% can clearly be seen in the fingerprint as a double peak per rotation, with the smaller at approx. 60% of the cycle. Increased friction can be seen as large variations from cycle to cycle.
The experiment has shown that the errors tested can be detected using the proposed method in the laboratory. Further tests on actual installations are needed to verify the usability of the fingerprint method and to determine the limits at which the meter should be exchanged. Thus far, the interpretation of the fingerprint has been made by visual interpretation of the fingerprint. This process can probably be automated in the future.
